a Background: Prior studies have suggested an increased risk of oral clefts after exposure to amoxicillin in early pregnancy, but findings have been inconsistent. Methods: Among participants in the Slone Epidemiology Center Birth Defects Study from 1994 to 2008, we identified 877 infants with cleft lip with/without cleft palate and 471 with cleft palate alone. Controls included 6952 nonmalformed infants. Mothers were interviewed about demographic, reproductive and medical factors, and details of medication use. We estimated odds ratios (ORs) and 95% confidence intervals (CIs) associated with use of amoxicillin in the first trimester using conditional logistic regression and adjusting for known risk factors for oral clefts, as well as for infections, fever, and concomitant treatments. Results: In the control group, 2.1% of women had used amoxicillin in the first trimester. Maternal use of amoxicillin was associated with an increased risk of cleft lip with/without cleft palate (adjusted OR ϭ 2.0 ͓95% confidence interval ϭ 1.0 -4.1͔), with an OR of 4.3 (1.4 -13.0) for third-gestational-month use. Risks were not elevated for use of other penicillins or cephalosporins. For cleft palate, the OR for first-trimester amoxicillin was 1.0 (0.4 -2.3) with an OR of 7.1 (1.4 -36) for third-gestational month use. Conclusions: Amoxicillin use in early pregnancy may be associated with an increased risk of oral clefts.
T he most commonly prescribed drugs in pregnancy, after prenatal vitamins, are antibiotics. 1 Among antibiotics, amoxicillin has been the preferred drug for the treatment of respiratory and urinary tract infections, 2 conditions frequently encountered in women of childbearing age. Thus, it is particularly important for clinicians, pregnant women, and public-health officials to have information on the potential teratogenic effects of amoxicillin to make risk-benefit judgments on its use early in pregnancy.
The U.S. Food and Drug Administration has assigned amoxicillin to pregnancy category B (animal reproduction studies have failed to demonstrate a risk to the fetus, and there are no adequate and well-controlled studies in pregnant women). 3 Although use of amoxicillin during pregnancy has not been associated with most specific congenital malformations in several prior epidemiologic studies, 4 -6 at least 2 studies have suggested an increased risk of oral clefts after exposure to amoxicillin in early pregnancy. 2, 7 Ampicillin, which is in the same aminopenicillin class as amoxicillin, has also been associated with an increased risk of cleft palate. 8 Therefore, the association between the most commonly prescribed antibiotic during pregnancy in North America and oral clefts remains controversial. To test the hypothesis that the risk of oral clefts is associated with maternal use of amoxicillin early in pregnancy, we used data from the Slone Epidemiology Center Birth Defects Study, an ongoing program of case-control surveillance of medications in relation to birth defects.
METHODS

Study Population
The Birth Defects Study was established in 1976, 9 and since that time has interviewed mothers of malformed infants ascertained through review of admissions and discharges at major referral hospitals and clinics in the greater metropolitan areas of Boston, Philadelphia, Toronto, and San Diego, as well as through statewide birth defects registries in New York (since 2004) and in Massachusetts (since 1998). Study subjects include live-born infants, stillborns, and therapeutic abortions. For hospital-based surveillance, the subjects' physicians are asked to confirm the diagnosis, and mothers are asked to release their medical records to permit confirmation of the infant's condition. Infants with isolated minor defects are excluded. In 1992, a sample of nonmalformed infants was added as controls; initially, these infants were identified exclusively at study hospitals but, since 1998, the study has also included a population-based random sample of newborns in Massachusetts. Among eligible subjects, the mothers of 73% of malformed and 68% of nonmalformed infants contacted agreed to an interview and provided informed consent.
The study has been approved by the Boston University Institutional Review Board and the Institutional Review Boards of all relevant institutions. It is fully compliant with requirements of the Health Insurance Portability and Accountability Act. The current analysis was restricted to women interviewed between 1994 and 2008 because full ascertainment of our primary control group (nonmalformed infants) was not underway until 1994.
Cases
Cases consisted of 1348 infants and fetuses with a diagnosis of either cleft lip with or without cleft palate (CL/P, n ϭ 877) or cleft palate alone (CP, n ϭ 471). We excluded from analysis infants with chromosomal defects (n ϭ 1929), known Mendelian inherited disorders (n ϭ 188), syndromes (n ϭ 193), DiGeorge sequence (associated with 22q deletion, n ϭ 20), and amniotic bands (n ϭ 57).
Controls
Our primary control group consisted of 6952 infants without malformations. In the study period 1994 -2008, these nonmalformed infants were initially recruited at study hospitals (hospital based) and then more recently population-based birth registries in Massachusetts (since 1998) and in New York (since 2004). Because mothers of malformed infants may differ from mothers of nonmalformed infants in their recall of antenatal drug exposure, 10 we included a secondary control group of infants with malformations other than oral clefts. Among all infants with malformations, we excluded those with defects that have been associated with amoxicillin or ampicillin, including cardiac defects. 11 Our final malformed controls consisted of 5647 infants. The major diagnostic categories included in this control group were (not mutually exclusive) gastrointestinal-system defects (n ϭ 1495), musculoskeletal-system defects (n ϭ 1443), urinarysystem defects (n ϭ 1252), genital-system defects (n ϭ 929), and central-nervous-system defects (n ϭ 894).
Interviews
Within 6 months of the subject's delivery, trained study nurses unaware of the study hypothesis interviewed mothers of study subjects. The 45-60-minute structured telephone interview includes questions on maternal demographic characteristics, medical and obstetric history, habits and occupations, and the use of medication (both prescription and overthe-counter) from 2 months before conception and throughout pregnancy. Recall of medication exposures is enhanced by questions regarding both indications for use (eg, infections) and a list of specifically named medications 12 that include amoxicillin, among other antibiotics.
Mothers who report taking a particular medication are asked to identify, as accurately as possible, the dates when use began and ended and how certain they are about each of these dates. Interviewers record the certainty of each reported date as follows: (i) "exact," if the exact date is reported; (ii) "estimated," if the date provided is stated as an estimate; or (iii) "sometime in a given month," if the day within a month is unknown. Mothers who cannot recall the month are considered to have unknown dates of exposure. Recall of the timing of medication use is enhanced by the use of a calendar on which the mother records the dates of her last menstrual period (LMP) and delivery. Mothers are also asked about duration (days of treatment), frequency of use (eg, days per week or month), and specific doses. We defined exposure as systemic use of amoxicillin during the first trimester of pregnancy.
Algorithm to Classify Timing of Exposure
For defining pregnancy dates, the LMP date was most often determined by early ultrasound examination; in the absence of that information, we relied on maternal report of the date she was given by her health care provider. The first trimester of pregnancy was defined as the first 3 gestational months after the LMP date. We developed an exposureclassification algorithm taking into account recall uncertainty in reported timing of medication exposure. 13 For uncertain start/stop dates reported as being sometime in a month, we considered the mother as exposed during the widest possible exposure period. For example, if a mother reported medication use sometime in May, we assigned May 1 as her medication start date and May 31 as her stop date. We classified a mother as being "likely exposed" in the first trimester if the timing and duration of her medication use, independent of date certainty, at least partially included the first trimester; she was considered "possibly exposed" if the use was likely to include the first trimester but, because of uncertain dates and the reported duration, might also fall completely outside the first trimester. To minimize misclassification of exposure for each medication, we included only those women classified as "likely exposed" in our exposure group of primary interest.
Data Analysis
We estimated odds ratios (ORs) and 95% confidence intervals (CIs) for amoxicillin exposure and the risk of CL/P and CP through conditional logistic regression. We defined the reference category as women with no exposure to amoxicillin from 56 days before the LMP date through the end of pregnancy.
We used multivariate conditional logistic regression to adjust for potential confounding in a 3-staged manner: (1) Model 1,which adjusted for geographic area of participants' residences and calendar year of ascertainment (to account for secular trends and regional variations in use of antimicrobials as well as recruitment of cases with specific malformations); (2) Model 2, which included model 1 plus risk factors for oral clefts (maternal age, race, education level, prepregnancy BMI, family history of oral clefts, diabetes mellitus, firsttrimester cigarette smoking, periconceptional folic acid sup-plementation, and multiple pregnancy); (3) Model 3, which included model 2 plus infection-related factors (urinary tract, respiratory, or vaginal/yeast infection, sexually transmitted disease, other infections, and febrile events in the first trimester with or without treatment). Statistical analyses were conducted with SAS 9.2 (SAS Institute Inc., Cary, NC).
Secondary and Sensitivity Analyses
The primary outcomes of interest were CL/P and CP with or without other birth defects (except for those excluded, as noted previously); in a secondary analysis, only isolated CL/P and CP were considered. To assess whether amoxicillin use was unselectively associated with all birth defects, we compared the proportion of amoxicillin use in nonmalformed controls with amoxicillin use in the largest categories of other major birth defects (4132 infants with cardiovascular system defects, 1138 with central nervous system defects, 1825 with gastrointestinal system defects, and 1948 with musculoskeletal system defects). Given previous suggestions that amoxicillin and smoking may share similar chemical structures that may be linked to increased risk of oral clefts, 14, 15 we also examined the interaction between cigarette smoking and amoxicillin use in the first trimester on the risk of clefts. In the conditional logistic regression, we included an interaction term (product of the smoking and amoxicillin exposure variables), and we estimated ORs and CIs for smoking but no amoxicillin exposure, amoxicillin use but no smoking, and both smoking and amoxicillin in the first trimester-each compared with neither amoxicillin use nor cigarette smoking during pregnancy. Also, the risks of clefts in those exposed to amoxicillin in the first trimester were compared for firsttrimester smokers and those who did not smoke during pregnancy.
RESULTS
Antibiotic Use During Pregnancy
Among the nonmalformed control group, 9.5% of women reported having used at least one antibiotic in the first trimester, the most common type being amoxicillin (2.1%), followed by macrolide antibiotics (1.2%). Ampicillin was used by 0.08% of women in the first trimester. Overall, 4.1% reported having taken an antibiotic whose name they could not recall ("not otherwise specified," or "NOS"); therefore, the proportions for specific antibiotics are likely to be slightly underestimated. Table 1 provides selected characteristics for cases and nonmalformed controls. Geographical region of residence and calendar time were both highly associated with the frequency of oral clefts because of secular trends and regional variations in recruitment of study subjects. Therefore, the estimates we present are adjusted for region and calendar year. Table 2 shows the ORs of CL/P and CP associated with first-trimester exposure to amoxicillin using nonmalformed controls. Region-and year-adjusted ORs were not appreciably influenced by further adjustment for risk factors and infection variables. Based on the fully adjusted model, maternal use of amoxicillin in the first trimester was associated with an increased risk of CL/P (OR ϭ 2.0 ͓95% CI ϭ 1.0 -4.1͔). The corresponding OR for CP was 1.0 (0.4 -2.3).
Characteristics of Study Participants
Amoxicillin and the Risk of Oral Clefts
Role of Confounding by Indication: Other Antibiotic Use and Oral Clefts
We did not identify positive associations between CL/P or CP and any other specific antibiotics, including penicillins other than aminopenicillins, macrolides, and cephalosporins (data not shown). We were not able to evaluate the association between oral clefts and ampicillin because there were fewer than 5 exposed subjects (data not shown).
Role of Recall Bias and Exposure Misclassification
To assess the potential differential recall between mothers of malformed and nonmalformed infants, we used infants with malformations other than oral clefts as the reference; for both CL/P and CP, the risk estimates did not change appreciably (Table 3) . In a sensitivity analysis, we excluded from the reference group the women who took antibiotics not otherwise specified (because those in this group who actually took amoxicillin would incorrectly be assigned to the reference group). This did not materially change our results. For instance, the OR of CL/P associated with likely exposure to amoxicillin in the first trimester was 1.9 (0.9 -3.7) with reference group as "no exposure to either amoxicillin or antibiotic not-otherwise-specified during pregnancy" (data not shown).
We calculated ORs of CL/P or CP for each gestational month (Figure) to evaluate whether the observed risks were greatest during the exposure window that most closely approximated the etiologically relevant periods for development of CL/P and CP. The critical period of CL/P is between 7th and 10th gestational weeks and that of CP from 9th to 11th gestational weeks. 16 The risk elevations for both CL/P and CP are generally consistent with the respective gestational months during which these particular defects develop.
Considering only isolated clefts (ie, without other major birth defects), the OR for likely exposure to amoxicillin in the first trimester was 1.6 (0.7-3.8) for CL/P and 1.3 (0.5-3.6) for CP.
Use of Amoxicillin and Other Birth Defects
We did not find associations between first-trimester exposure to amoxicillin and the risk of most other major birth defects, such as cardiovascular system (OR ϭ 1.3 ͓95% CI ϭ 0.9 -1.9͔), central nervous system (0.9 ͓0.5-1.7͔), gastrointestinal system (1.1 ͓0.7-1.9͔), urinary sys- tem defects (1.2 ͓0.7-1.9͔), and musculoskeletal system defects (1.0 ͓0.6 -1.6͔).
Potential Interaction Between Amoxicillin and Smoking on the Risk of CL/P
The elevated risk of CL/P associated with likely exposure to amoxicillin in the first trimester was confined to nonsmokers (2.0 ͓1.0 -4.1͔); the OR among smokers was 1.0 (0.3-3.0). Compared with neither amoxicillin use nor cigarette smoking during pregnancy, the OR for CL/P was 1.3 (1.1-1.7) for smoking but no amoxicillin use, 2.0 (1.0 -3.9) for amoxicillin use but no smoking, and 1.1 (0.4 -3.0) for both smoking and amoxicillin use in the first trimester. The corresponding estimates for CP could not be reliably calculated due to small numbers.
DISCUSSION
In our study population, we found a 2-fold increased risk of CL/P associated with maternal use of amoxicillin during the first trimester of pregnancy and no increase in risk for CP. Of importance, however, is that for both types of clefts, risks were greatest for exposures occurring during their respective developmental periods. Indeed, the risk for CP was a Recall bias may be present if the association observed when comparison was conducted using nonmalformed controls was eliminated when using malformed controls.
b ORs adjusted for geographical region and calendar year when they were ascertained; maternal age; race; education level; prepregnancy BMI; family history of oral clefts; diabetes mellitus; first-trimester cigarette smoking; periconceptional folic acid supplement; multiple pregnancy; urinary tract, respiratory, or vaginal/yeast infection; sexually transmitted disease; other kinds of infection; and febrile events with/without treatment that occurred in the first trimester.
c Reference category. d First trimester of pregnancy is defined as first 3 lunar months after the last menstrual period date.
markedly elevated (OR ϭ 7.1) for third-month exposures, although small numbers yielded a very wide CI (1.4 -36) . Taken overall, our findings are consistent with those from a case-control study 7 that identified a 5-fold increased risk of CL/P associated with prenatal exposure to amoxicillin in the second and third gestational months. Our results are also compatible with results from a large cohort study 2 in the United States that compared use of amoxicillin with no antibiotic in the first 4 gestational months and observed a modestly increased risk for oral clefts (OR ϭ 1.7 ͓95% CI ϭ 0.6 -5.0͔). Results from the National Birth Defects Prevention Study did not focus on amoxicillin specifically 17 but rather considered penicillins overall; consistent with our findings, they did not identify a positive association between penicillins and oral clefts. Due to limited numbers, we could not test the previously hypothesized association between ampicillin and CP. 8, 10 As is true for any observational study, we had to confront a number of challenges. First, to correct for secular trends and regional variations in both patterns of use of antimicrobials and case ascertainment, we stratified our analyses by the joint strata of geographical region of residence and calendar year of ascertainment in a conditional logistic regression. This approach assumed that region of residence is a proxy for antibiotic prescription patterns in the area. The OR of CL/P associated with maternal use of amoxicillin in the first trimester increased from 1.5 (95% CI ϭ 1.0 -2.3) without any adjustment to 1.7 (1.1-2.6) after adjusting for interview year alone and to 1.9 (1.0 -3.6) after adjusting for interview year and region of residence. Thus, results were affected by adjustment for region and calendar year. This association is unlikely to be explained by biases because neither exposure during second and third trimester nor exposure to other antibiotics was associated with CL/P. Moreover, amoxicillin use was not associated with other malformations, with or without regional stratification.
Second, if mothers of infants with birth defects (in this case, CL/P and CP) more completely recall their use of amoxicillin during pregnancy than mothers of nonmalformed controls, our results could be due to recall bias. However, when we used a control series consisted of other malformed infants, the observed associations did not weaken. In addition, the associations were largely restricted to amoxicillin use during the embryologically critical periods for both CL/P and CP, which makes recall bias unlikely, and at the same time, adds biologic plausibility to our findings.
Third, the association with CL/P and CP could be due to risk factors related to infections that prompted amoxicillin therapy, rather than to amoxicillin exposure itself (ie, confounding by indication). However, other antibiotics were not associated with CL/P or CP, and adjustment for infection-related variables (eg, specific types of infection with or without antibiotic use, febrile events in the first trimester, and duration of the fever) did not materially influence our findings.
Most nonsyndromic oral clefts are thought to be caused by an interaction between polygenic and environmental factors, 18 but the exact mechanisms remain largely unknown. Amoxicillin can cross the placenta and could potentially influence fetal organogenesis. 19 The fact that the current and prior studies found increased risks after prenatal exposure to aminopenicillins but not to other penicillins 17 suggests that the aminobenzyl group may play a role in the development of oral clefts. Maternal smoking of tobacco, which contains aromatic amines, has also been linked to the risk of CL/P. 14, 20 Because aromatic amines in cigarette smoke and the aminobenzyl group in amoxicillin might share some structural similarities, it is of interest that the increased risk of CL/P associated with first-trimester maternal use of amoxicillin was evident only among nonsmokers, whereas the risk was close to the null (with wide CI) among smokers. We cannot easily explain this observation. If the effect modification is not a chance finding, one possibility might be competitive effects between smoking and amoxicillin on the risk of CL/P (and possibly CP). Given the limited power to examine this interaction, these results should be considered hypothesisgenerating. Further studies are needed to confirm our observations related to smoking and, if they are confirmed, to assess the potential etiologic roles of these amines on the development of oral clefts.
It is important to keep in perspective the absolute risk of CL/P after exposure to amoxicillin during early pregnancy. Given the baseline risk for oral clefts of about 1-2 per 1000 live births, a 2-fold risk among women who use amoxicillin in the first trimester would increase clefts risk to about 2-4 per 1000 -modest in absolute terms or compared with the overall baseline risk of major malformations at birth of about 30/1000.
